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PRESENTACION
Este documento consta de cuatro partes principales.

En la primera parte, se presenta un resumen del articulo. Se describe de forma general la introduccion,
las recomendaciones establecidas por los codigos de disefio sismico para la excentricidad accidental,
la metodologia de disefio evaluada, el objetivo principal, la metodologia desarrollada y las
conclusiones.

En la segunda parte, se presenta el protocolo de tesis con nimero de registro MSCING-0219, el cual
se entreg0 el pasado 10 de diciembre del 2018 y se aprobd el dia 25 de enero del 2019 por la Comisién
de Revision de Protocolo.

En la tercera parte, se presenta el trabajo de investigacion en forma escrita para fines de evaluacion
profesional; lo anterior en la modalidad de ““Articulo especializado para publicar en revista indizada”.
El articulo que lleva por nombre “Evaluacion de una propuesta de disefio sismico por torsion sismica
accidental considerando varios sismos de terreno firme”, se pretende publicar en la Revista
Internacional de Métodos Numéricos para Calculo y Disefio en Ingenieria para su publicacion. Cabe
sefialar que el formato que aqui se presenta corresponde al que sefiala la revista.

En la cuarta parte, se presenta el comprobante de envio del articulo a la revista indizada mencionada
anteriormente.
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Las fuerzas sismicas que actlan en los edificios provocan principalmente respuestas en dos
componentes horizontales. Sin embargo, cuando las fuerzas inerciales laterales no acttan en la misma
linea de las fuerzas laterales resistentes, puede ocurrir rotacién en un eje axial vertical del edificio.
La torsion en edificios también se puede presentar cuando existe excentricidad entre el centro de masa
(CM) y el centro de rigidez (CR).

Las especificaciones de disefio por sismo proponen el uso de una excentricidad de disefio (e;), la
cual se considera como la suma de la excentricidad natural (e;) y una excentricidad accidental (e,).
La excentricidad natural se puede conocer a partir de las distribuciones tedricas o nominales de masa
y rigidez en el edificio. Sin embargo, pueden existir variaciones respecto a los valores de proyecto
debido a incertidumbres en la variacion de las dimensiones de los elementos, en las propiedades y
caracteristicas de los materiales, asi como en la posicion y distribucién de masas. La excentricidad
accidental pretende incorporar en el disefio el efecto de estas incertidumbres.

Usualmente, las especificaciones de disefio sismico recomiendan que la excentricidad accidental se
estime como una proporcidn (5) de la dimension de la planta (b) perpendicular a la fuerza cortante de
entrepiso. Por ejemplo, en los cédigos internacionales de disefio, se recomienda usar un valor para la
excentricidad accidental igual a 0.05b; i.e., # = 0.05.

Por otra parte, el Reglamento de Construccion de la Ciudad de México (2017) especifica que la
excentricidad accidental se calcule con la siguiente expresion:

eq; = [0.05 + 0.05 (i-1)/(n-1)] b;

En la ecuacion anterior, e,; es la excentricidad accidental en el i-ésimo piso, n es el nimero de pisos
del sistema estructural y b; es la dimension del i-ésimo piso en la direccion perpendicular a la del
analisis. Paran =1, e, = 0.10b.

En este documento se presenta la evaluacion de una propuesta simplificada de disefio por torsion
sismica accidental. La propuesta simplificada establece que se incrementen los elementos mecanicos
obtenidos de un analisis estructural del modelo correspondiente sin torsion accidental, por un factor
de amplificacidn igual a 1.2, para considerar el efecto de la torsidn accidental en el disefio sismico.

El objetivo principal de esta investigacion es corroborar si el procedimiento propuesto para la torsion
accidental aplica para otros sismos de suelo firme considerando la respuesta no lineal.

Se analizan dindmicamente cuatro modelos estructurales de concreto reforzado destinados a uso de
oficinas de 4 y 7 niveles. Las alturas de los entrepisos son de 3 m.

Los modelos son sometidos a un conjunto de registros sismicos de terreno firme y se analizan trabes
y columnas en el intervalo no lineal con ayuda del programa Canny-E.

Se consideran tres condiciones que podrian desarrollar los modelos. La primera condicion, los
modelos no presentan torsion accidental (modelos de referencia). La segunda condicidon, los modelos
presentan torsion accidental (torsionalmente con torsion accidental). La tercera, los modelos
presentan torsidn accidental, pero esta vez los elementos mecénicos son amplificados por el factor de
1.2 (modelos reforzados con torsion accidental).

Para la simulacion el efecto de la torsion accidental en los modelos estructurales se asume que la
incertidumbre es debida a las siguientes variables aleatorias: magnitud y posicion de la carga viva
instantanea, magnitud de la carga muerta y la rigidez a flexion de trabes y columnas. Los valores de



las variables aleatorias son estimados utilizando funciones de densidad de probabilidad, las cuales se
usan como parte del método Monte Carlo.

De los resultados obtenidos al evaluar los modelos estructurales a las tres condiciones que podrian
experimentar, se llegaron a las siguientes conclusiones:

Condicion a) Modelos sin torsion accidental

En los modelos de referencia las demandas de ductilidad de las columnas resultaron menores que las
de las vigas (los valores de las columnas resultaron aproximadamente iguales a 0.7 veces los valores
de las vigas).

Condicioén b) Modelos con torsion accidental

Para una probabilidad de excedencia igual a 2.5%, los modelos con torsion accidental pueden
experimentar demandas de ductilidad de 25% mayores a las demandas de ductilidad de modelos sin
torsion accidental.

Condicién ¢) Modelos reforzados con torsion accidental

Los resultados indican que la aplicacion del procedimiento de disefio evaluado, conduce
aproximadamente a un 2.5% de probabilidad de que las demandas de ductilidad resulten mayores que
las del modelo de referencia (sin torsién accidental). Esto sugiere que el procedimiento de disefio
parece efectivo para controlar las demandas de ductilidad causadas por torsion accidental.
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1. Descripcion del Proyecto
1.1 Planteamiento del problema

La metodologia simplificada de disefio por torsion sismica accidental desarrollada por Galvez (2017), establece que, al incrementar
los elementos mecanicos obtenidos de un analisis estructural de los modelos torsionalmente balanceados, por un factor de
amplificacién igual a 1.2, es suficiente para considerar el efecto de la torsion accidental.

La propuesta de disefio sismica fue desarrollada para un conjunto de 8 modelos estructurales con e; = 0, de 4, 7'y 10 niveles, a
base de marcos de concreto reforzado y destinados a uso de oficinas. Los modelos fueron sometidos a las dos componentes
horizontales NS y EW del registro sismico de El Centro de 1940 (Imperial Valley). Limitando los andlisis al intervalo lineal.

El factor de amplificacion propuesto fue obtenido a partir de simular los efectos de la torsion accidental en modelos estructurales
durante la ocurrencia de un sismo en un intervalo elastico-lineal. Por tal motivo, se abre la necesidad de conocer si la metodologia
simplificada de torsion accidental sigue siendo valida para un anélisis no lineal y ademés si también aplica cuando los modelos
estan sujetos a cargas sismicas de diferentes caracteristicas.

1.2 Justificacion

Realizando la evaluacion de la metodologia de disefio por torsion sismica accidental propuesta por Galvez (2017), se incrementa
el campo de aplicacion de la propuesta simplificada de disefio sismico. En particular para el analisis de estructuras de edificios en
el intervalo no lineal y ante la ocurrencia de sismos de diferentes caracteristicas.




1.3 Objetivo general

Esta investigacion tiene por objetivo principal, verificar que si al amplificar los elementos mecénicos de modelos sin torsion
accidental, por un factor amplificacion igual a 1.2, es suficiente para resistir el efecto de la torsion accidental en los modelos. Esto
ante la ocurrencia de varios sismos y considerando la respuesta no lineal de los elementos estructurales de los modelos.

1.4 Hipotesis

Al aplicar el procedimiento de disefio por torsién propuesto por Galvez (2017) se incorpora el efecto de la torsién accidental a
modelos sin torsion accidental, lo cual conduce a obtener demandas de ductilidad no mayores al 15% respecto de los modelos que
experimentan torsion accidental y resistencia amplificada.

2. Metodologia
2.1. Revision del estado del arte

Se revisaran trabajos relacionados al tema, para conocer que se ha hecho con anterioridad y en su caso, que se esta haciendo en
relacién al mismo. Asi como para conocer los alcances y limitaciones de lo desarrollado por otros autores.

2.2. Modelar un conjunto de modelos genéricos representativos

Para fines de esta investigacion se contempla usar cuatro modelos estructurales representativos de edificios de marcos rigidos de
concreto reforzado de 4 y 7 niveles. Estos modelos seran analizados en el intervalo no lineal ante la ocurrencia de diferentes
excitaciones sismicas.

2.3. Seleccionar un conjunto de registros sismicos y sus diferentes caracteristicas.

Se considera usar un total de 6 registros sismicos, los cuales se presentan en tres tipos de suelos: suelo firme (SF), suelo de transicion
(ST) y suelo blando (SB). Se clasifican segun la velocidad de cortante V;30.

2.4 Obtener las demandas de ductilidad de modelos torsionalmente balanceados ( e, = 0, e, = 0).

Someter los cuatro modelos representativos a la cantidad de sismos considerados y obtener las demandas de ductilidad
considerando que no existe torsion accidental, ni torsion natural.

2.5 Obtener las demandas de ductilidad para modelos con excentricidades accidentales.

Para fines de esta investigacion, se asume que la excentricidad accidental se debe a las siguientes variables aleatorias: magnitud,
posicion del centro de masas y rigidez.

Los valores de las variables aleatorias se estiman utilizando funciones de densidad de probabilidad (fdp), las cuales posteriormente
seran usadas en el Método Monde Carlo (MMC), para ser introducidas en los modelos representativos que presentan excentricidad
accidental y con ello obtener las demandas de ductilidad de dichos modelos ante diferentes cargas sismicas.

2.6. Tratamiento de resultados del analisis.

Comparar las demandas de ductilidad de los modelos que presentan torsidn accidental, respecto a los modelos sin torsién accidental
y verificar si la propuesta de torsion sismica accidental es aplicable para el intervalo no lineal y ante diferentes cargas sismicas.




3. Estado del Arte

Gélvez Cortés G., (2017) Utilizando el Método Monte Carlo y utilizando el programa de analisis Canny-E, analiz6 dinAmicamente
ocho modelos estructurales representativos de edificios de marcos de concreto reforzado de 4, 7 y 10 niveles, con el objetivo de
establecer un procedimiento simplificado para tomar en cuenta los efectos de la excentricidad accidental en el disefio sismico de
edificios.

De la Llera 'y Chopra (1993) propusieron un método para evaluar la excentricidad accidental a parir del analisis de movimientos
inducidos por sismo en edificios nominalmente simétricos. EI método se utilizdé para analizar el movimiento de tres edificios
instrumentados durante los sismos ocurridos en California, EUA. Se determind la excentricidad accidental de los tres edificios y
se compar6 con la especificada en el reglamento de construccién del lugar. Se demostr que los requerimientos relativos a los
efectos de torsion, de dicho reglamento de construccién son suficientes para los tres edificios.

Garcia, Frafan y Parra (2001) presentaron un método para determinar los parametros dindmicos de 40 edificios de la ciudad de
Cuenca, Ecuador. Lo hicieron estudiando su respuesta dinamica ante vibraciones ambientales. Determinaron su centro de rigidez
y su influencia del comportamiento de las estructuras. Mediante la comparacion con modelos matematicos, obtuvieron
conclusiones sobre sus sistemas constructivos. Encontrando valores de la excentricidad estructural excesiva. Esto en consecuencia
de la falta de control adecuado en el disefio y en la construccion de los edificios, ademas de estructuras con losas planas muy
irregulares.

De la Colina J. y Bernardino B. (2006), realizan un estudio probabilista de la excentricidad accidental en edificios de varios pisos,
usando el método Monte Carlo, el cual estudia el efecto de varias variables en el célculo de la funcion de densidad de probabilidad
(fdp) de la excentricidad accidental en edificios. El proposito del estudio fue ofrecer fdp“s para diferentes condiciones de disefio,
llevando a recomendaciones especificas de e, asociadas a una probabilidad de excedencia dada y constante. El estudio reconoce
que se debe especificar diferentes valores de e, dependiendo de 1) Tipo de estructura, 2) Uso del edificio y 3) Altura del entrepiso.
Se incorpora también el estudio de la rigidez de los elementos resistentes a movimientos laterales con una variable aleatoria.

De la Colina J. (2006) Emplea el analisis pushover clésico para observar los efectos de la excentricidad accidental, fuerzas laterales
ortogonales y los factores de amplificacién empleados en el disefio de torsion en la respuesta lateral estatica no lineal de edificios,
a base de marcos tridimensionales resistentes a cargas laterales en cada direccion ortogonal de baja altura. El objeto de este estudio
es identificar si con el andlisis, se observan los mismos efectos y comportamiento de alguna de las principales variables dentro del
problema de torsion que se han observado en el andlisis dinamico no lineal previos. Los calculos muestran que los resultados
obtenidos a través del analisis pushover son consistentes con las conclusiones derivadas del analisis dinamico tridimensional no
lineal. Sustenta la hip6tesis de que el analisis pushover clasico puede ser una herramienta de mucho valor para el disefio de edificios
tridimensionales con torsion de marcos.

Gulppi Moncada D. (2015)Presenta un trabajo para analizar el comportamiento de estructuras debido a la accién de la torsion
accidental, mediante los dispuesto en las normas Chilenas NCh433 of 96 y D.S. N° 61 para uso de diafragma rigido, y con una
muestra de 9 edificios de tipologia chilena, los cuales observa posible torsién dada la distribucion irregular de sus componentes y
donde todos los modelos fueron analizados en ETABS y observo que al comparar algin método de la norma chilena vs la
excentricidad accidental obtenida por ETABS se supera en al menos un 68 %.

8. Referencias

Galvez G. (2017). Procedimiento para tomar en cuenta los efectos de la excentricidad accidental en el disefio sismico de edificios,
Tesis de Maestria, UAEMex. México.

De la Colina J., Bernardino M. (2006). Estudio Probabilista sobre excentricidad accidental en edificios utilizando el método Monte
Carlo. Sociedad Mexicana de Ingenieria Estructural, XV Congreso Nacional de Ingenieria Estructural, Jalisco, México.

Miranda, E. y Davalos, H. (2017). Influencia del amortiguamiento en demandas de desplazamiento de estructuras construidas
sobre suelo blando. Sociedad Mexicana de Ingenieria Sismica, pp. 1.




Aponte J. (2011). Evaluacion de métodos no convencionales de Caracterizacion geotécnica. Tesis de Maestria. Pontifica
Universidad Javeriana, Bogota.

De la Colina, J., Valdés, J. y Gonzélez, C. (2016). Dindmica de Estructuras. Primera ed. México: Limusa S.A. de C.V.

Gbémez E. (2004). Excentricidad accidental en el analisis sismico. Tesis de licenciatura. Universidad Nacional de Ingenieria.
Facultad de Ingenieria. Perd.

RCDF (2004). Normas Técnicas Complementarias sobre criterios y acciones para el disefio estructural de edificaciones. s.l.: Gaceta
oficial del D.F., Tomo II.

De la Llera y Chopra. (1993). Evaluation of code-accidental torsion provisions using earthquakes records from buildings.
Earthquake Engineering and Structural Dynamics. pp. 1-34.

Garcia E., Farfan J. y Parra D., (2001). Determinacion de los pardametros dindmicos y el centro de torsién de las edificaciones de
la ciudad de Cuenca mediante vibraciones ambientales. Asociacidn Espafiola de Ingenieria Sismica, 2° Congreso Iberoamericano
de Ingenieria Sismica. Ecuador, pp 559-567.

Celebi M., Safak E., Brady G., Maley R., y Sotoudeh V., (1987). Integrated instrumentation plan for assessing the seismic response
of structures--a review of the current USGS program, USGS Circular 947, USA.

De la Colina, J. (2006). Respuesta torsional de edificios en el marco del andlisis Pushover. Revista de Ingenieria Sismica. Sociedad
Mexicana de ingenieria Sismica, nim. 75, pp. 47-67, México.

Mendoza, R., (2007). Evaluacion de métodos para estimar la excentricidad de estructuras a partir de pruebas dindmicas. Tesis de
Maestria, UNAM. México.

Gulppi, D. (2015). Analisis de torsion accidental en edificios con diafragma flexible. Tesis de licenciatura. Universidad de Chiles,
Facultad de Ciencias Fisicas y Matematicas. Chile.

Escobar, A. y Gémez M. (2004). Disefio simplificado para disefio por torsidn sismica estatica. Revista de Ingenieria Sismica, Issue
70, pp. 77-107.




PARTE Il

ARTICULO



Evaluation of an accidental-torsion design proposal considering
firm-soil ground motions
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ABSTRACT

Using non-linear analyses and Monte Carlo simulations, a simplified accidental-torsion design
procedure is evaluated. The design procedure does not use an accidental eccentricity like the
building codes do. For the evaluation, four reinforced concrete frame building models of four and
seven stories are dynamically studied in the nonlinear range. The models are subjected to a set of
five firm-soil, bidirectional seismic records. The design procedure is evaluated by comparing the
ductility demands of both beams and columns for three conditions of each building model: a) the
torsionally balanced model without accidental torsion (model TB), which establishes the reference
values of ductility demands; b) the same nominal model but incorporating accidental torsion via the
Monte Carlo method; and c) a model with amplified strength (model AS) according to the
accidental-torsion design procedure to be evaluated. Results indicate that there is a probability
smaller than 2.5% that accidental torsion can cause ductility demands approximately 20% to 25%
larger than those of similar building models without accidental torsion. A comparison of ductility
demands for the reference models without accidental torsion and those of models with accidental
torsion and designed with the procedure that is evaluated, reveals that the design procedure is
effective to control the effects of accidental torsion.

Keywords: Seismic accidental torsion; accidental eccentricity; Monte Carlo simulation; nonlinear
seismic analysis.
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1. Introduction

During earthquake ground motions, the response of buildings is essentially horizontal when they are
far from the earthquake source. However, when acting inertial lateral forces do not act in the same
line of the resistant lateral forces, rotations around a building vertical axis may occur. For this
reason, the eccentricities between both acting and resisting forces are associated with building
torsion. Torsion of buildings is also present when there are eccentricities between the centers of
mass (CM) and centers of stiffness (CS).

Given the association of these eccentricities with the action of torsion, the building codes [1-4] use
design eccentricities (e;) as a basic design parameter to estimate the effects of torsion in buildings
and to design it accordingly. Typically, the design eccentricity is assumed as the sum of a nominal
(or natural) eccentricity (es) and an accidental eccentricity (e,).

The natural eccentricity is the theoretical eccentricity that a building has at each story by virtue of
its theoretical distributions of both mass and stiffness. Plausible deviations of these nominal
distributions of mass and stiffness during a ground motion may cause an additional eccentricity.
Variations on mass, material properties or structural element dimensions can cause these deviations.
Moreover, some studies suggest that the torsional component of the ground during an earthquake
can contribute to the accidental eccentricity. For most of the building dimensions, however, this
torsional component is neglected.

As for the accidental eccentricity, design codes [1-3] recommend that its value can be estimated as a
proportion (f) of the building plan dimension (b) measured along the perpendicular direction of the
seismic action. References [1-3] recommend the use of e, = 0.05b, i.e., B = 0.05. On the other
hand, the design code for the City of México [4] specifies an accidental eccentricity that varies with
height, according to the following formulas

€qi =0.10 b; fori=n=1 (1a)
€qi = [0.05 + 0.05 (i-1)/(n-1)] b; for n>1 (1b)

In these formulas, e,; is the accidental eccentricity at the story i, n is the number of stories of the
building, and b; is the building plan dimension of the story i measured along the perpendicular
direction of the seismic action.

Accidental torsion has been studied before. For instance, De la Llera 'y Chopra [5] corroborated the
proposed values of the UBC using one-story building models. De la Colina and Almeida [6]
concluded that the probability of exceedance of the ductility demands decrease more than 35% in
systems designed to account for accidental torsion, with respect to those systems without an
accidental-torsion design. Using an analytical solution, Dimova and Alashki [7] concluded that the
accidental eccentricity could lead to structural responses 60% larger than those of systems without
accidental torsion. Using dynamics tests in actual buildings, Mendoza [8] evaluated three methods
to estimate the accidental eccentricity and concluded that in most of the studied cases, the torsional
eccentricity is larger than 0.20b.

Other studies suggest that the use of accidental eccentricity in seismic design codes is not required.
For example, Stathopoulos and Anagnostopoulos [9] concluded that the inclusion of accidental
eccentricity in the design does not cause any substantial reduction of ductility demands, in



comparison with cases where accidental eccentricity is not included. Moreover, DeBock et al. [10]
concluded that accidental-torsion provisions could be removed from seismic design provisions in
some cases. In accordance with their findings, Stathopoulos and Anagnostopoulos [9] suggest that
design accidental eccentricities should be eliminated or replaced by more effective design
procedures. These studies show that the current torsion design provisions based on design
eccentricities should be revised and recommend that new design procedures should be proposed and
studied.

The main objective of this work is to verify the effectiveness of the proposed simplified seismic
accidental-torsion design procedure, to control the ductility demands of beams and columns in
building models. The dynamic nonlinear study considers four frame reinforced concrete building
models subjected to five firm-soil ground motions with two horizontal components each one. The
accidental-torsion design procedure to be evaluated is based on a simple amplification of the
seismic effects computed on the associated torsionally balanced (TB) model, to estimate the design
strengths of the structural elements of the building exposed to accidental torsion.

2. Accidental-torsion design procedure to be evaluated

Galvez [11] presented the design proposal to account for seismic accidental torsion. Although the
method was initially studied for building systems with no natural eccentricity, it is assumed that the
procedure is applicable to systems with e > 0 because the basic case with e; = 0 is more affected
by accidental torsion than systems with e > 0 [12]. The design proposal is simple and does not
need to incorporate any accidental eccentricity. The proposed design method was initially
formulated for frame buildings with no less than two frames along each orthogonal direction. The
design procedure under scrutiny is described as follows.

First, the building structural model is assumed without accidental torsion. Since in this stage of
evaluation only models with e, = 0 are studied, the model is torsionally balanced (TB). In this
evaluation, this TB model is also identified as the reference model. If the model had nonzero natural
eccentricity (es; # 0), the corresponding torsionally unbalanced model with no accidental torsion
would be the reference model (RM).

Second, a seismic analysis of the reference model (RM) is carried out to estimate the effects (force
elements) that the design ground motion causes. A typical linear elastic seismic spectral analysis
suffices to estimate the effects in beams and columns caused by the design seismic action.

The design proposal consists in amplifying the mechanical elements (bending moments, axial
forces, etc.) computed from the seismic analysis of the reference model to obtain the design
strength of the system to withstand accidental torsion. The following equation estimate the element
strengths required to cope with accidental torsion. The design values are the amplified values of the
effects E, of the reference model computed for the design seismic action. This amplified effect
provides the strength of each structural element of the building model that will be exposed to
accidental torsion.

Egr = Far * Egy (2)

where:



Eg is any effect in the reference model (or TB model when eg = 0) caused by the seismic design
action. For the purposes of this work, Eg,, are the bending moments and axial forces at beams and
columns of the reference model subjected to the design spectrum.

F,r is an amplification factor by accidental torsion equal to 1.2 [11].

Currently, the application of accidental torsion provisions of building codes [1-4] implies to carry
out several analyses varying the design eccentricities and looking for the more critical response.
The application of the formula (2) only requires a seismic analysis of one model.

3. Methodology to evaluate the accidental-torsion design proposal

Gélvez [11] based the accidental-torsion design proposal on an elastic study of reinforced concrete
frame-building models subjected to a single bi-directional (2D) earthquake ground motion (EI
Centro, 1940). The evaluation presented in this work pretends to have an extended view of the
design proposal by using non-linear responses of four frame, reinforced concrete models subjected
to five bidirectional earthquake firm-soil ground motions. Since the critical case corresponds to
systems with e, = 0, this work is also constrained to models without natural eccentricity (i.e.,
symmetric models). The original work [11] used live loads typical of offices; likewise, this
extended evaluation applies to office buildings.

As indicated before, the evaluation of the accidental-eccentricity design proposal rests on the
comparison of ductility demands of beams and columns of the building models. Before describing
the evaluation methodology, it is important to bear in mind that the accidental-torsion design is not
a determinist problem. The variables that define the accidental torsion in a building are random. The
methodology used here to evaluate the design proposal, as well as the assessment of the importance
of accidental torsion, are based on the following steps:

1) For a ground motion intensity (design spectrum), seismic-action effects and ductility
demands of both beams and columns are computed for the torsionally balanced reference
models. In this study, the models with e, = 0 result to be symmetrical. This step of the
methodology establishes the reference ductility demands when accidental torsion is not
considered. These ductility demands will be used later to compare with two conditions. The
first comparison will be with corresponding models when they have accidental torsion; and
the differences between both conditions will reveal the importance of accidental torsion. The
second comparison will be with the corresponding models with amplified strength, according
with Eq. (2). This second comparison will indicate how the strengthened models (and the
design procedure) cope with accidental torsion. As for the seismic-action effects, these will
be used in step 3 to define the strength of the structural elements.

2) Since the variables that lead to accidental torsion are random, the Monte Carlo method [13]
is used to generate a large number of realizations that can occur during a seismic event. In
these simulations, the statistical properties of the random variables are incorporated with
appropriate probability density functions. The dynamic nonlinear response of each resulting
model and ground motion is computed for each realization that simulates accidental torsion.
From this collection of simulation results, statistical values are computed for each model and
ground motion. In particular, the parameters of interest are the mean, the maximum values
and the coefficient of variation (cov) of ductility demands of beams and columns. As
anticipated, the simulation of accidental torsion converts the buildings into torsionally



unbalanced models. This second step is not required for the evaluation of the design
procedure; but it reveals the impact of accidental torsion on the (no strengthened) models.

3) All seismic effects at the structural elements, computed as indicated in step 1, are amplified
with the factor F,r = 1.2, using Eq. (2). These amplified effects are used to design both
beams and columns, and the resulting model is identified as the model with amplified strength
(or resistant), Mar. It is interesting to see that with this simple design procedure, the
amplification defined by Eq. (2) can be computed inside the same analysis/design program
by defining a load combination with a “load factor” equal to 1.2 applied to the seismic action.
According with the accidental-torsion design procedure, the resulting effects of this
combination provide the strengths required to cope with the accidental torsion.

4) The Monte Carlo method is used again to simulate accidental torsion. This time, the
simulations apply to the model with amplified strength (Magr). The results of the simulations
provide the new ductility demands of the model Mar. As part of the methodology to evaluate
the design procedure, the mean, the maxima, and the coefficient of variation of these ductility
demands are computed for the models with simulated accidental torsion. This step is the
numerical experimentation of the models Mar by accidental torsion. As indicated before,
these statistical values (mean, maxima and coefficient of variation) of the new computed
ductility demands are compared with those of the reference models to evaluate the design
procedure by accidental torsion.

3.1.Random variables
Specific probability density functions (pdf) give the values of the random variables required by the
Monte Carlo method [13] to generate each realization. These variables are used to simulate the
variations on the structure stiffness and the mass distribution that lead to accidental torsion.

For the research related to this work, it is assumed that the accidental torsion is due to the following
random variables: magnitude of dead load, magnitude and position of live load resultant, as well as
flexural stiffness of beams and columns.

The probability density functions (pdf) as well as their parameters provide the information to
generate each of the random variables. For instance, the pdf’s of the flexural stiffness of the
structural elements (EI,..n and EI.,;) were based on the work by Ramsay et al. [14]. As for the
dead-load magnitude, reference [15] was considered. Finally, for the live-load magnitude and its
position, the references [2, 16-18] provided the information. Table 1 resumes the information
required to generate the random variables.



Table 1. Probability density functions (pdf), means, standard deviations and
coefficients of variation (cov).

Variable Model or Random

D Level variable pdf Mean Std. Dev. cov
. 122 kg/m?
. Live-load 35.62 kg/m?
Wi At offices magnitude Gamma (h1/2162)4 (359.3 N/m2) 0.292
. 100 kg/m?
Live-load 29.20 kg/m?
wy, At roofs magnitude Gamma (N9/8n(')12§3 (286.3 N/m2) 0.292
X1, ViL All cases Live-load position ~ Normal 0.5b (m) 0.037b (m) 0.074
M4S6 and Dead-load Normal 450 kg/m? 45 kg/m? 0.100
WpL M4R6 magnitude (4413 N/m?)  (441.3 N/m?) '
M7S8 and 550 kg/m?
Dead-load 55 kg/m?
WoL M7R8 magnitude Normal (,5\3?52')6 (53936 Nim) 0100
All cases Beam flexural
ElLyeam stiffness Normal EL,omina 0.11ELominal 0.110
All cases Column flexural
El,y, stiffness Normal EL,omina 0.11ELominal 0.110

3.2. Number of simulations
In this work, the number of simulations N required to obtain results with a precision required to
evaluate the accidental-torsion procedure, was evaluated with a stability analysis of both the mean
and the standard deviation of two structural response parameters. Thus, Fig. 1 shows both statistical
values of the ductility demands of ten beams of the first level of model M4S6, normalized with
respect to the corresponding parameters computed for a large number of simulations (m = 20,000).
Each line in the figure represents a different beam.

To illustrate this criterion to select the number of simulations, the following steps were carried out.
First, the mean and standard deviation of ductility demands for the ten first-level selected beams of
model M4S6 were computed. These computations were applied to different groups with sample
sizes n < m = 20,000. Then, the parameters for each group were normalized with respect to the
parameters for m = 20,000. These normalized values are shown in Fig. 1, as a function of the group
size n. It is clear that the statistical normalized values become stable as the group size n increases.
Since for n > 10,000, the variation of the parameters does not change significantly, the number of
simulations N to use in this study was set equal to 10,000.

The structural-response parameters selected for the evaluation of the accidental-torsion design
procedure were the ductility demands (moment-curvature) at the ends of both beams and columns
of the structural models described in the following section. The computer program used to perform
the nonlinear dynamic analyses was the program Canny-E [19]. This analysis program was
combined with a Matlab program to carry out the simulations, according with the Monte Carlo
method.
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Figure 1. Normalized statistical parameters of beam ductility demands for ten selected beams of the
first level of model M4S6. The lines represent the mean and the standard deviation for groups with
sample sizes = n, divided by the corresponding parameters of a group sample size = m = 20,000.

4. Building structural models

For the evaluation of the design procedure proposed by Galvez [11], four reinforced concrete frame
building models were considered in this study. These models are representative of office buildings
with 4 and 7 stories and story heights equal to 3 m. For all models, the slabs were assumed as in-
plane rigid diaphragms. As for the material properties, the following concrete parameters were
selected: £, = 300 kg/cm? (2942 N/cm?) and E = 242,487 kg/cm? (2°377,985 N/cm?). Since the
multi-spring model was used for the columns [20], a yield stress value for the steel reinforcement
(bars) was required. In this case, the value of f,, = 4,200 kg/cm? (41,187.9 N/cm?) was used for all
columns.

Two models had square plan and two rectangular plan with aspect ratio equal to 2:1. For all the
four-story models the distance between columns in each frame was equal to 6 m; while for the
seven-story models de distance was equal to 8 m. Table 2 summarizes the model plan dimensions,
the dimensions of the element cross sections, the nominal dead load values for each model and the
initial modal vibration periods. Each model is identified with a four-character label. The first
number indicates the number of stories and the third digit indicates a square plan (S) or a
rectangular plan (R). The last number indicates the distance in meters between columns for each
frame.



Table 2. Structural modal vibration periods, plan dimensions, dead load values and nominal
dimensions of cross sections for beams and columns.
Model and Plan dimensions and Column cross Beam cross

periods bay spans (m) sections (m) sections (m) Dead load
M4S6 Along X direction: 18 Stories 1-2:
T,=0.85s. Along Y direction: 18 0.40 x 0.40
T,=0.85s. Stories 3-4:
Ty =0.65s. Bay span =6 m 0.35x0.35 Al levels. All floors:
020x040 490 ka/m®
M4R6 Along X direction: 24 Stories 1-2: (4,413 N/m?)
T, =0.81s. Along Y direction: 12 0.40 x 0.40
T,=0.86s. Stories 3-4:
Ty = 0.67 s. Bay span =6 m 0.35x0.35
M7S8 Along X direction: 24 Stories 1-4:
T, =154s. Along Y direction: 24 0.55x 0.55
T, =154s. Stories 5-7:
Tog =1.19s. Bay span=8m 0.45 x 0.45
All floors:
All levels:
025x050 290 ko/m®
M7R8 Along X direction: 32 Stories 1-4: (5,394 N/me)
T, =143s. Along Y direction: 16 0.55x 0.55
T, =154s. Stories 5-7:
Tg =1.225. Bay span =8 m 0.45x0.45
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Figure 2. Model M4S6 and its frame Y1.
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Figure 3. Model M4R6 and its frame Y1.
Figure 4. Model M7S8 and its frame Y1
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Figure 5. Model M7R8 and its frame Y1.



For analysis, all elements of the reference model (RM) (torsionally balanced model when eg = 0)
were assumed nonlinear. For design, a seismic design spectrum reduced with a response
modification coefficient R = 2.0 and an overstrength factor , = 1 was used, as suggested by the
ASCE 7-16 [2]. For the design of beams and columns, the earthquake bidirectional effects were
taken into account by adding the 100% of the effects of one ground motion direction plus the 30%
of the effects of the orthogonal ground motion direction.

The yield bending moment of beams was assumed to be equal to the maximum bending moment of
that beam computed with the reduced seismic design spectrum. The non-linear behavior of beams
was simulated in the Canny-E program with the concentrated modified Clough model [21] at the
element ends. The central part of the beam elements was assumed linear and elastic. It is known that
the modified Clough model takes into account the more important features of the non-linear flexural
behavior of beams, such as the stiffness reduction [22].

The design forces for columns were computed with a seismic design spectrum with R = 2.0 and

Q, = 1. Since the reference models have no torsion, the design of columns does not initially include
any torsion effect. Moreover, both load and reduction factors were equal to 1.0. As indicated in
Table 2, two different column cross-section dimensions were used for each building model. Three
different types of columns were designed for a building plan: corner columns, edge columns and
central columns. For the four-story models, column sections were equally designed for stories 1 and
2, so that these two stories had 3 different designs. A second group consisted of columns designed
for stories 3 and 4. For the seven-story buildings the first group included columns for stories 1-4,
while the second group consist of columns designed for stories 5-7.

For the nonlinear analyses, each column was idealized with three longitudinal zones: one elastic
zone in the middle and concentrated multi-spring elements at their ends. These elements model the
nonlinear behavior of both the concrete and the reinforcement and, therefore, the nonlinear
assemblies take into account the interaction of axial load and bending moments at the column ends
[22-23]. With the arrangement of reinforcement for each column the multi-spring assemblies were
defined.

5. Seismic records

In the work by Galvez [11], wherein the accidental-torsion design method was proposed, the
amplification factor by accidental torsion F, = 1.2 was obtained using linear analyses and one bi-
directional ground motion (1940 El Centro earthquake). In this work such design proposal is revised
using five bi-directional firm-soil ground motions along with nonlinear analyses. The seismic
records were selected taking into account the recommendations of the Section 2.62 of the FEMA-
273 guidelines [24]. Table 3 summarizes the main characteristics of the ground motions and Fig. 6
illustrates the acceleration response spectra of each component computed for a damping ratio ¢ =
0.05. Figure 6 also shows both the elastic design spectrum and the reduced design spectrum (R = 2
and Q, = 1). The design spectrum was obtained with the recommendations of Ref. [2] for a firm
soil.



Table 3. Characteristics of the seismic ground motions

Number Country Date Earthquake Station Magnitude
(dd/mm/yyyy)
1 USA 17/10/1989 Loma Prieta Corralitos 7.0
2 México 19/09/1985 Michoacan C. U. 8.1
3 México 19/09/2017 Morelos Barros Sierra 7.1
4 Japan 16/01/1995 Kobe Chihaya 6.9
5 Chile 03/03/1985 Valparaiso Valparaiso 7.8
2000 , . ; . . r

Loma Prieta
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Reduced design spectrum

1000 +
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Figure 6. Acceleration response spectra for each ground motion and design spectra.

For the evaluation of the design proposal using only one building design for all ground motions, the
earthquake records were scaled. In this work, the ordinate of the larger seismic component (of each
ground motion pair) was adjusted to have the same ordinate of the elastic acceleration design
spectrum, at the model first period of vibration. The perpendicular horizontal component (the
smaller component) was scaled with the same factor used for the larger component. In this way
each ground motion pair was scaled with the same scale factor.

Thus, the scale factor for each ground motion pair is given by the following equation, where A is the
spectral ordinate of the elastic design spectrum and B is the acceleration spectral ordinate of the
largest horizontal ground motion components. Both ordinates are evaluated at the (initial)
fundamental period of vibration T of the analyzed model. This is a simple way to adjust the
intensity of the ground motions to that of the elastic design spectrum.

Scale factor = A/B (3)

This is a practical and simple way of scaling the earthquake records. For the purposes of the work,
this scaling procedure seems to be reasonable.



6. Results and discussion

According to the methodology presented above, the building models were analyzed for three
different conditions. The first condition corresponds to the reference model (RM), which is
torsionally balanced (TB) due to its natural eccentricity is equal to zero (e, = 0). For this condition,
no accidental torsion was included, therefore only one case was analyzed for each model and
ground motion. This analysis provides the levels of ductility demands when accidental torsion is not
present. This initial condition is identified as the condition a.

The second condition corresponds to similar building models of the previous condition but with
accidental torsion simulated with the Monte Carlo method. It is important to realize that the models
of this second condition are not strictly equal to the models of condition a. For this second condition
(condition b), the mass and stiffness of the models vary with respect to the mean values used for
models of condition a because of the random nature of both variables. Since each realization of the
simulation process represents a building configuration when the earthquake ground motion occurs,
the results consist of N different analysis sets. For a comparison results of condition b with those of
condition a, it is convenient a statistical treatment of the results of condition b. It is not possible a
simple comparison of the deterministic values of the condition a with the random results of the
condition b. Some useful parameters for these comparisons (in terms of ductility demands) are the
mean, the maxima, and the coefficient of variation (cov). This comparison allows to compute the
models ductility demand increments due to the accidental torsion.

The third condition (condition c) corresponds to models with statistically similar nominal values of
stiffness and mass of the previous condition (b) but, with an increasing of the models strength in
accordance with the simplified torsion design procedure that is analyzed in this paper. Equation (2)
leads to similar structural models with amplified strength (M,g). According to the design proposal
that is evaluated in this work, the strength increment will cope with the accidental torsion; therefore,
it is expected that the models in this condition ¢ will undergo ductility demands of the same order
than those computed for the condition a. Again, a simple comparison between conditions a and ¢ is
not simple because in the first case the results consist of a deterministic value for each model and
ground motion, while in the condition ¢, N analysis sets result.

6.1. Condition a: reference models (RM)
In this subsection, the ductility demands computed for beams and columns are presented for the
reference models described in Section 4. Table 4 shows the ductility demands of eight beams along
the X direction and eight beams along the Y direction. For space limit in this work, only beams of
levels 1 (L1) and 2 (L2) of models M4S6 (square plan) and M4R6 (rectangular plan) are listed in
Table 4. Table 5 lists the ductility demands of beams for levels 1 and 4 of models M7S8 y M7RS8.
The identification number of each earthquake ground motion is indicated in Table 3.

Table 4 shows that for beams of the four-story models, ductility demands varied between 1.00 and
3.60. As for the ductility-demand averages, taken with respect to the ground motions, the values
oscillated between 1.74 and 2.90. These values seems reasonable for the values used to reduce the
ordinates of the elastic design spectrum (response modification coefficient R = 2.0 and overstrength
factor Q, = 1). Table 5 shows that beam ductility demands for the seven-story models varied in a
wider range: between 0.86 and 4.31. However, average values, taken with respect to the ground



motions, varied within a similar range as in the case of the four-story models, between 1.78 and
3.23. A value smaller than 1.0 indicates that the element response remained linear.

Table 4. Ductility demands of beams for the reference models M4S6 and M4R6 (levels 1 and 2).

Average
Location GrOL_md GrOL_Jnd GrOl_Jnd GrOl_Jnd GrOL_md der?ql;%té“:/)\//ith
Model Beam . and. motion motion motion motion motion respeét to
type orientation 1 2 3 4 5 ground
of beams motions
L1 | L2 | L1 | L2 | L1 ]|L2|L1]|]L2]|L1]|L2 L1 | L2
Edge X1:Y1-Y2]272 260[290 3.27|2.09 236|170 257|170 257| 2.22 2.67
X1:Y2-Y3|293 286|323 357|231 257|194 274|194 274| 247 290
Central X2:Y1-Y2|2.66 260|293 329|201 235|175 257|175 257| 222 2.68
M4S6 X2:Y2-Y3|284 286|323 360|232 255|197 274|197 274| 247 290
Edge Y1:X1-X2]3.02 215(266 275|201 209|135 107|135 1.07| 2.08 1.83
Y1:X2-X3|348 220|266 276|196 211|152 114|152 1.14| 223 187
Central Y2:X1-X2|3.10 210|267 273|188 210|133 105|133 1.05| 2.06 1.81
Y2:X2-X3|355 224|268 274|195 208|150 113|150 1.13| 224 1.86
Edge X1:Y1-Y2|185 142|285 332|209 235|166 244|262 292| 221 249
X1:Y2-Y3|2.08 1.73[3.14 357|230 257|178 267|258 2.86| 2.38 2.68
Central X3:Y1-Y2|195 1.40|2.88 332|215 231|167 240|255 291| 224 247
M4R6 X3:Y2-Y3|216 1.75[3.11 357|234 265|182 269|255 2.77| 240 2.69
Edge Y1:X1-X2]2.08 221|260 270|190 1.86|1.41 100|103 1.02| 1.80 176
Y1:X2-X3|244 245|266 272|196 190|153 111|102 1.01| 192 184
Central Y2:X1-X2]199 212|263 267|190 1.87|140 1.00|106 1.06| 1.80 1.74
Y2:X2-X3|246 243|272 274|192 190|151 1.11|1.05 1.04| 193 1.84

Table 5. Ductility demands of beams for the reference models M7S8 and M7R8 (levels 1 and 4).

Average
Location Ground Ground Ground Ground Ground ductility
Model Beam _ and_ motion motion motion motion motion demand, with
type orientation 1 2 3 4 5 respect to
of beams ground motions
L1 | L4 | L1 | L4 | L1 | L4 | L1 |L4|L1]| LA L1 | L4
Edge X1:Y1-Y2|350 361|241 260|137 213|204 3.76|1.62 1.96| 2.19 2.81
X1:Y2-Y3|364 353|245 283|138 229|201 3.84|1.73 2.05| 2.24 2.91
Central X2:Y1-Y2|352 353|244 259|134 212|200 3.72|1.61 1.93| 2.18 2.78
M7S8 X2:Y2-Y3|3.65 355|246 281|136 228|203 3.87|1.73 2.04| 2.25 2.91
Edge Y1 X1-X2{324 254|275 295[213 227|215 209|111 097| 2.28 2.16
Y1:X2-X3 (328 264|289 297|224 246|219 217|110 096| 2.34 2.24
Central Y2: X1-X2 (328 242|272 295|212 225|214 205|112 1.01| 2.28 2.14
Y2:X2-X3|331 267|287 296|223 244|219 218|111 1.02| 2.34 2.25
Edge X1:Y1-Y2({294 266|240 1.86|2.21 224|158 173|092 0.87| 2.01 1.87
X1:Y2-Y3|279 255|234 1.73[219 224|156 1.70|0.88 0.82| 1.95 1.81
Central X3:Y1-Y2(296 261(239 182|221 226|151 1.75/0.93 0.91| 2.00 1.87
M7RS X3:Y2-Y3|283 241|233 1.68(220 225|153 1.70|0.89 0.86| 1.96 1.78
Edge Y1 X1-X2|297 263|238 181|230 246|160 1.88|0.92 0.89| 2.03 1.93
Y1:X2-X3 (322 277|258 194|256 275|176 2.11(0.99 0.98| 2.22 2.11
Central Y2:X1-X2|335 329|331 3.78|1.41 217|203 417|149 197| 2.32 3.08
Y2:X2-X3|341 334|345 387|156 243|214 431|167 220| 245 3.23




Tables 4 and 5 also suggest that the average ductility demands for beams of square-plan models
were similar to those of rectangular-plan models.

As for columns, Table 6 shows ductility demands of six first-story columns of the four-story models
(M4S6 and M4R6) subjected to the five ground motions. Similarly, Table 7 shows the information
of the first-story columns corresponding to the seven-story models (M7S8 and M7R8). Table 6
shows that ductility demands of the first-story columns for the four-story models varied between
0.75 and 2.50. The ductility-demand averages, taken with respect to the ground motions, oscillated
between 1.13 and 1.57. Table 7 shows that ductility demands of the first-story columns for the
seven-story models varied within a broader range: between 0.53 and 3.74. The average values,
taken with respect to the ground motions, varied between 1.46 and 2.15.

Table 6. Ductility demands of the first-story columns for the reference four-story models.

Location | Ground | Ground | Ground | Ground | Ground Average ductility

Column - - - - - demand, with
Model tvpe of motion | motion | motion | motion | motion respect to around
yp columns 1 2 3 4 5 P 09
motions
X1-Y1 2.26 1.85 1.29 1.02 0.80 1.44
Corner
X4-Y4 2.15 1.82 1.49 1.03 0.78 1.45
M4s6 | Edge X1-Y2 2.50 1.84 1.36 1.08 0.81 1.52
X2-Y1 2.36 2.02 1.30 1.09 0.82 1.52
X2-Y2 2.33 1.96 1.53 1.20 0.84 1.57
Central
X3-Y3 2.33 1.94 1.50 1.19 0.85 1.56
X1-Y1l 1.38 1.45 1.27 0.75 0.88 1.15
Corner
X5-Y3 1.16 1.58 1.29 0.79 0.94 1.15
M4R6 | Edge X1-Y2 1.53 1.37 1.27 0.77 0.87 1.16
X3-Y1 1.42 1.62 1.44 0.87 0.93 1.26
X2-Y2 1.36 1.41 1.24 0.76 0.90 1.13
Central
X3-Y2 1.41 1.62 1.43 0.87 0.93 1.25

»

Table 7. Ductility demands of the first-story columns for the reference seven-story model
Average ductility

Location | Ground | Ground | Ground | Ground | Ground

Column . - - . - demand, with
Model tvpe of motion motion motion motion motion respect to around
yp columns 1 2 3 4 5 P 09
motions
X1-Y1 3.55 2.84 1.40 1.47 0.67 1.99
Corner
X4-Y4 3.32 3.74 1.56 1.30 0.82 2.15
M7S8 | Edge X1-Y2 3.58 3.08 1.64 142 0.67 2.08
X2-Y1 3.44 3.05 1.37 1.46 0.73 2.01
X2-Y2 | 352 3.42 1.61 1.41 0.77 2.15
Central
X3-Y3 | 350 3.38 1.57 1.43 0.77 2.13
X1-Y1 2.55 1.57 1.64 1.02 0.53 1.46
Corner
X5-Y3 2.37 1.71 1.79 1.02 0.62 1.50
M7R8 | Edge X1-Y2 2.62 1.61 1.92 1.05 0.53 1.55
X3-Y1 2.54 1.65 1.86 1.07 0.62 1.55
X2-Y2 | 251 1.53 1.89 1.02 0.54 1.50
Central

X3-Y2 2.55 1.65 1.87 1.07 0.61 1.55




A comparison between the reference models indicates that ductility demands of columns resulted
smaller than ductility demands of beams. Column ductility demands resulted approximately equal
to 0.7 times the beam ductility demands

Tables 6 and 7 also show that, the average ductility demands (with respect to the ground motions)
for columns of rectangular-plan models resulted between 20% and 30% smaller than the values for
square-plan models.

A statistical analysis of the ductility demands of beams and columns (Tables 4-5), taken with
respect to the ground motions, show that the coefficient of variation (cov) of these demands resulted
approximately between 0.20 and 0.35. This result shows a small effect of the ground motions on the
beam ductility demands. For columns, however, the coefficients of variation reached values up to
0.78.

6.2. Condition b: models with accidental torsion
In this condition, the nominal models analyzed in the previous subsection were exposed to
accidental torsion by varying both the distribution of mass and the variation of stiffness for beams
and columns, according to the probability density functions described in subsection 3.1. A total of
10,000 realizations were computed for each building model. For each model and ground motion, the
following statistical parameters for beams and columns are reported: mean, maxima and coefficient
of variation. These statistical values were evaluated for each case (model and ground motion), i.e.,
the statistical values were taken with respect to the number of realizations of each model and
earthquake. Therefore, the statistical values reported for each case show the effect of accidental
torsion.

Table 8 shows that the average ductility demand in beams at levels 1 and 2 of model M4S6, taken
with respect to the number of realizations, oscillated between 0.94 and 3.60. However, the
maximum values varied between 1.56 and 5.22. The coefficients of variation stayed between 0.10
and 0.14 for each earthquake. This table shows the results for the same beams listed before for the
condition a (table 4); this time however, the ductility demands reflect the effect of the accidental
torsion. It is clear that accidental torsion can increase or decrease ductility demands of structural
elements; but, the mean value stays close to the ductility demand values of the corresponding
elements of models without accidental torsion. Although beam ductility-demand averages are the
same for the cases with and without accidental torsion, beam ductility demands caused by
accidental torsion can result 50%-75% larger than those for models without accidental torsion, for
the same ground motion.

The corresponding statistical parameters of beams computed for the models M4R6, M7S8 and
M7RS8 (not shown here) displayed similar values as those presented for the model M4S6.

Table 9 shows the same statistical parameters (mean, maxima and coefficient of variation) for the
columns of the first story of model M4S6 in the condition a (Table 6); this time however, the results
are for the condition b, which reflects the effect of the accidental torsion. This table shows that for
the models exposed to accidental torsion, ductility-demand means of the first-story columns
oscillated between 0.85 and 2.42. The same table shows that the ductility-demand maxima varied
between 1.21 and 3.22. The coefficient of variation, among earthquakes, ranged between 0.07 and
0.16. Again, column ductility-demand averages result the same for the cases with and without



accidental torsion; but column ductility demands caused by accidental torsion can result 50%-75%
larger than those for models without accidental torsion, computed for the same ground motion.

6.3. Condition c: models with both accidental torsion and amplified strength (M 4g)
Ductility demands of the same nominal models studied before, but with amplified strength
according with Eq. (2), are presented in this subsection. The strengthened models have accidental
torsion (Section 3) and they are exposed to the same earthquakes (and with the same intensity) of
Section 5. Table 10 shows the statistical ductility-demand parameters (mean, standard deviation and
coefficient of variation) described before. Table 10 shows these parameters for the same beams of
levels 1 and 2 of the model M4S6. This time, the results also correspond to models with accidental
torsion but they have been strengthened according to the design proposal that is evaluated.

Table 10 shows that the average ductility demands for beams of model M4S6 under the condition ¢
varied between 0.78 and 2.95. The ductility-demand maxima oscillated between 1.15 and 4.25. The
coefficients of variation ranged between 0.09 and 0.15. It is clear, by comparing beam ductility
demands for conditions b (Table 8) and c (Table 10) that the amplification with Eq. (2) reduces both
the mean values and the maximum values. This reduction of ductility demands is close to the 20%.
of the demands for the elements of systems wherein the design procedure is not applied.

Table 11 shows the ductility-demand statistical parameters of the same first-story columns of model
M4S6 (Table 9), this time under condition ¢ (accidental torsion and amplified strength). This table
indicates that the ductility-demand averages ranged between 0.78 and 1.87. Similarly, the maxima
varied between 1.04 and 2.53 for the columns in condition c. The coefficients of variation varied
between 0.08 and 0.18. Again, the application of the accidental-torsion design procedure reduced
the ductility demands in about the 20% with respect to the corresponding columns of the same
model under condition b.

6.4. Analysis of ductility demands for the three conditions (a, b and c)
In this subsection, a comparison of ductility demands of both beams and columns for the three
conditions is showed. For space limitation in this work, this comparison is carried out for one model
(M4S6) under two ground motions (1989 Loma Prieta/Corralitos and 1985 México/CU). The other
ground motions and models lead to similar results. These ground motions were selected for the
evaluation of the design procedure because they maintain the ratio (A/B) in Eq. (3) approximately
constant for growing values of the structural periods of vibration.

As mentioned before, the comparison of ductility demands of the reference model (condition a)
with the conditions b and c requires the selection of some statistical parameters. As a measure of
how large the ductility demand can result with a reasonable low probability of exceedance p, the
value of the ductility demand associated to the mean (u) plus two standard deviations (20) is
selected. It is known [25], that this parameter leads to a p < 2.5% if a normal distribution is
assumed. The ductility demand for this exceedance probability is identified as DD,,. This ductility
demand is considered a better parameter than the maximum value.

Table 12 shows the comparison of ductility demands for beams of levels 1 and 2 of model M4S6 for
the three conditions (a, b and c) under the Loma Prieta earthquake. The ductility demands of the
reference model under condition a (DDgy,) are listed in the fourth column. These ductility demands
are considered as reference values. The ductility demands corresponding to condition b for p =
2.5% are listed in the seventh column identified as (u + 2¢). The comparison of both columns



shows that there is a probability equal to 2.5% that accidental torsion can cause ductility demands
larger than 25% than the ductility demands of systems without accidental torsion (condition a), as
indicated by the quotients (u + 20)/DDgy,. This result is and simple indicator of how much the
accidental torsion can affect the model.

The comparison of the ductility demands for the reference model (DDg,,) with the values of (u +
20) for the condition c indicates that the design procedure is effective to control the demands when
accidental torsion is present. This leads to a 2.5% probability that ductility demands result larger
than those of the reference model. An ideal design procedure against accidental torsion should take
back the ductility demands (caused by accidental torsion) to this reference values. This can be
corroborated for the Loma Prieta/Corralitos ground motion by observing the values of (u +
20)IDDg,, for condition c in Table 12, which are close to 1.0.

Table 13 leads to similar results for columns of the same model M4S6 under the Loma Prieta
ground motion. A comparison of conditions a and b suggests that there is a 2.5% probability that
accidental torsion can cause an increment close to 15% in column ductility demands. A comparison
of conditions a and c in Table 13 (Loma Prieta) reveals that the design procedure is effective to
control the effects of accidental torsion in columns.

Table 14 lists the corresponding ductility demands for beams of levels 1 and 2 of model M4S6
under the ground motion 2 (1985 México/CU). By the same arguments described before for Tables
12 and 13, in this case the comparison of conditions a and b reveals that the increment of ductility
demands of beams is approximately between 20% and 25% with p = 2.5%. The comparison of
conditions a and ¢ (last column of Table 14) shows that the design procedure seems effective to
control accidental torsion in beams.

Table 15 presents the ductility demands for columns of the story 1 of model M4S6, under the
México ground motion. Results indicate that accidental torsion increments the column demands in
approximately 20-25%, with respect to the values of the reference model. Finally, a comparison of
conditions a and ¢ corroborates that the design procedure is effective to control the ductility
demands of columns caused by accidental torsion.



Table 8. Ductility demands for beams of levels 1 and 2 for model M4S6 with accidental torsion (condition b).

Beam Beam Ground motion Ground motion Ground motion Ground motion Ground motion | All gr_ound

Level X 1 2 3 4 5 motions
type location

Mean Max cov |Mean Max cov |Mean Max cov |[Mean Max cov |Mean Max cov |Mean Max

Edge X1:Y1-Y2| 258 357 012|294 440 011|210 294 012|171 243 011|244 334 012 | 235 440

X1:Y2-Y3| 283 408 012|326 452 012|232 337 011|188 273 012|255 351 011|257 452

Central X2.Y1-Y2| 253 346 0.2 | 296 425 012 | 210 293 011 | 172 244 012|244 349 011|235 425

1 X2:Y2-Y3| 278 388 012|328 444 012|233 311 011|190 272 012 | 257 344 011 | 257 4.44

Edge Y1:X1-X2| 311 435 013|263 390 011|198 277 012|147 216 013|094 156 0.11 | 203 4.35

Y1:X2-X3| 345 522 013|269 375 011|199 282 012|155 224 013|096 166 0.12 | 213 5.22

Central Y2:X1-X2| 314 461 012|263 355 011|198 297 012|146 227 014|095 171 011 | 203 461

Y2:X2-X3| 351 505 0413 [ 271 361 011|199 303 013|153 220 013 |09 1.69 0.12 | 214 5.05

Edge X1:Y1-Y2| 258 371 012|326 445 011|239 340 012|242 327 011|251 338 0.11 | 263 445

X1:Y2-Y3| 278 412 013|360 494 011|264 373 012|269 374 011|266 371 011|287 494

Central X2.Y1-Y2| 257 368 0.2 | 327 443 011|238 339 011|241 332 011|253 357 011|263 443

) X2:Y2-Y3| 278 3.83 013|360 495 011|259 363 012|266 363 011 265 371 011|286 4.95

Edge Y1:X1-X2| 205 282 011|271 369 011|211 352 013|116 169 013 |1.02 159 012 | 1.81 3.69

Y1:X2-X3| 223 303 011|273 374 011|210 328 014|121 185 012|103 192 014 | 186 3.74

Central Y2:X1-X2| 206 328 012|271 376 011|213 366 014|114 181 013|105 174 013 | 182 3.76

Y2:X2-X3| 225 332 012|275 367 011|210 342 014|119 182 012 | 1.03 181 0.14 | 1.86 3.67




Table 9. Ductility demands for first-story columns of model M4S6 with accidental torsion (condition b).

Ground motion Ground motion Ground motion Ground motion Ground motion All ground

C(t)Iur;m Location 1 2 3 4 5 motions
v Mean Max cov [Mean Max <cov |Mean Max cov |Mean Max cov |Mean Max cov | Mean Max
Corner X1-Y1 228 298 008|184 246 011|137 243 016 | 1.09 147 014|085 121 010 ]| 149 2098
X4 -Y4 209 287 010 | 18 267 0.11 | 153 212 008 | 111 157 013 | 090 138 0.14 | 150 287
Borde X1-Y2 242 320 009 | 184 243 011 | 147 241 012|115 157 013|088 136 0.12 | 155 320
X2-Y1 240 3.01 007|202 270 011|138 274 016 | 117 156 0.12 | 090 127 0.10 | 157 3.01
Central X2-Y2 234 303 008 | 196 256 010 | 15 250 011|129 175 013|093 138 0.13 ]| 162 3.03
X3-Y3 233 322 008 |19 265 010|154 253 012|128 175 013 | 093 132 012 | 161 322

Table 10. Ductility demands for beams of levels 1 and 2 for model M4S6 with both accidental torsion and amplified strength (condition c).

Ground motion Ground motion Ground motion Ground motion Ground motion | All ground
Beam . .
Level type Location 1 2 3 4 5 motions
Mean Max cov |Mean Max cov |Mean Max cov |[Mean Max cov |Mean Max cov | Mean Max
Edge X1:Y1-Y2 218 315 012|240 350 012|188 278 013|161 228 0.11] 211 301 0.12 | 2.04 350
X1:Y2-Y3 245 349 011|265 376 012|199 278 011|175 253 012|229 333 0.13]| 223 3.76
Central X2:Y1-Y2 217 294 012 | 241 363 012|189 281 014|161 239 012 | 212 3.02 0.12 | 2.04 3.63
1 X2:Y2-Y3 243 340 011 267 374 012|200 275 012|177 254 012|230 349 014 | 223 374
Edge Y1: X1 - X2 215 318 014 | 217 312 012|170 245 012131 182 012|078 1.15 0.10 | 1.62 3.18
Y1: X2 -X3 235 382 015|220 302 012|169 239 012|142 197 011|080 129 0.10| 1.69 3.82
Central Y2: X1-X2 218 338 014|217 294 011|168 232 011|129 182 012|079 120 0.10]| 1.62 3.38
Y2: X2 - X3 240 352 015|221 298 011|166 237 012|139 199 012|080 131 0.10| 1.69 352
Edge X1:Y1-Y2 225 316 012|265 366 012|213 340 014|213 299 0.11] 213 309 0.12 | 2.26 3.66
X1:Y2-Y3 253 365 01129 425 011|222 334 012|237 319 011|233 343 0.13 | 248 4.25
Central X2:Y1-Y2 223 322 012|267 364 011|213 314 014|214 293 011|214 299 012 | 226 3.64
2 X2:Y2-Y3 249 360 012|293 414 011|220 305 013]235 315 011|232 341 013 | 246 4.14
Edge Y1: X1-X2 159 220 012|219 29 012|167 241 014|099 141 010|084 116 0.09| 146 2.96
Y1: X2 -X3 175 240 011|221 304 012|167 252 014|105 146 011|085 143 0.11| 151 3.04
Central Y2: X1-X2 158 249 012|219 313 012|167 259 014|098 162 010|085 134 0.10]| 145 313
Y2: X2 - X3 172 242 011|222 304 011|166 245 014|104 144 011|085 145 0.10| 1.50 3.04




Table 11. Ductility demands for first-story columns of model M4S6 with both accidental torsion and amplified strength (condition c).

Ground motion Ground motion Ground motion Ground motion Ground motion All ground

Column Column 1 2 3 4 5 motions

type location

Mean Max cov [Mean Max <cov |Mean Max cov |Mean Max cov |Mean Max cov | Mean Max
Corner X1-Y1 171 245 010|140 210 013|144 225 018 | 092 144 016 | 078 104 0.09 | 1.25 245
X4 -Y4 155 221 012|142 204 013|133 181 010] 092 143 015|084 124 011 ]| 121 221
Borde X1-Y2 187 253 010 | 142 206 012 | 145 218 0.16 | 098 147 015|080 114 0.10 | 130 253
X2-Y1 183 240 008 | 153 221 012 | 147 220 0.17 | 100 151 014|087 114 0.09 | 134 240
Central X2-Y2 180 241 009 | 154 218 012 | 151 215 013 | 110 172 014|088 124 0.08 | 137 241
X3-Y3 179 253 009|155 224 013|153 227 015|110 168 0.14 | 088 120 0.08 | 1.37 253

Table 12. Comparison of ductility demands (DD) for beams of model M4S6, under the ground motion 1 (1989 Loma Prieta earthquake).

Level beam Beam DDy, condition a Condition b Condition ¢

type | location | (reference model) | Mean p | Std. dev.o | u+ 20 |(u+ 20)/DDgy | Mean | Std. dev.o | pu+ 20 | (u+ 20)/DDgy

Edge X1:Y1-Y2 2.72 2.58 0.30 3.18 1.17 2.18 0.26 2.71 0.99

X1:Y2-Y3 2.93 2.83 0.33 3.48 1.19 2.45 0.27 3.00 1.02

Central X2:Y1-Y2 2.66 2.53 0.29 3.12 1.17 2.17 0.25 2.68 1.01

1 X2:Y2-Y3 2.84 2.78 0.32 3.43 1.21 2.43 0.27 2.97 1.05

Edge Y1: X1-X2 3.02 3.11 0.40 3.90 1.29 2.15 0.30 2.75 0.91

Y1: X2 - X3 3.48 3.45 0.45 4.36 1.25 2.35 0.35 3.04 0.88

Central Y2: X1-X2 3.10 3.14 0.39 3.92 1.27 2.18 0.30 2.78 0.90

Y2: X2 - X3 3.55 3.51 0.46 4.44 1.25 2.40 0.35 3.10 0.87

Edge X1:Y1-Y2 2.60 2.58 0.30 3.18 1.22 2.25 0.28 2.81 1.08

X1:Y2-Y3 2.86 2.78 0.35 3.47 1.21 2.53 0.29 3.11 1.08

Central X3:Y1-Y2 2.60 2.57 0.30 3.16 121 2.23 0.27 2.77 1.06

) X3:Y2-Y3 2.86 2.78 0.35 3.48 1.22 2.49 0.29 3.08 1.08

Edge Y1: X1-X2 2.15 2.05 0.23 2.51 1.17 1.59 0.19 1.96 0.91

Y1: X2 - X3 2.20 2.23 0.26 2.74 1.25 1.75 0.20 2.15 0.98

Central Y2: X1-X2 2.10 2.06 0.25 2.57 1.22 1.58 0.19 1.96 0.94

Y2: X2 - X3 2.24 2.25 0.27 2.78 1.24 1.72 0.20 2.12 0.94




Table 13. Comparison of ductility demands (DD) for the first-story columns of model M4S6,
under the ground motion 1 (1989 Loma Prieta earthquake).

Condition b Condition ¢
Column Column DDgy, condition a
type location (reference model) | Mean u | Std. dev. o | 4+ 20 | (u + 20)/DDgyl Meanpu | Std. dev.o | u+ 20 |(u+ 20)/DDgy
Corner X1-VY1 2.26 2.28 0.18 2.63 1.17 171 0.17 2.04 0.90
X4 -Y4 2.15 2.09 0.22 2.52 1.17 1.55 0.19 1.92 0.89
Borde X1-Y2 2.50 2.42 0.21 2.85 1.14 1.87 0.19 2.25 0.90
X2-Y1 2.36 2.40 0.16 2.73 1.16 1.83 0.15 2.13 0.90
Central X2-Y2 2.33 2.34 0.18 2.69 1.16 1.80 0.16 212 0.91
X3-Y3 2.33 2.33 0.18 2.68 1.15 1.79 0.16 2.10 0.90

Table 14. Comparison of ductility demands (DD) for beams of model M4S6, under the ground motion 2 (1985 México earthquake).

Level beam Beam DDpgy, condition a Condition b Condition ¢

type | location | (reference model) | Mean pu | Std. dev.o | p+ 20 | (u+ 20)/DDgy | Mean p| Std. dev.o | u+ 20 |(u+ 20)/DDgy

Edge X1:Y1-Y2 2.90 2.94 0.33 3.61 1.25 2.40 0.28 2.96 1.02

X1:Y2-Y3 3.23 3.26 0.39 4,03 1.25 2.65 0.31 3.28 1.01

Central X2:Y1-Y2 2.93 2.96 0.35 3.66 1.25 2.41 0.28 2.97 1.02

1 X2:Y2-Y3 3.23 3.28 0.38 4.05 1.25 2.67 0.31 3.29 1.02

Edge Y1: X1-X2 2.66 2.63 0.30 3.23 1.21 2.17 0.25 2.67 1.00

Y1: X2 - X3 2.66 2.69 0.31 3.30 1.24 2.20 0.25 2.71 1.02

Central Y2: X1 -X2 2.67 2.63 0.29 3.21 1.20 2.17 0.24 2.66 1.00

Y2: X2 - X3 2.68 2.71 0.30 3.30 1.23 2.21 0.25 2.71 1.01

Edge X1:Y1-Y2 3.27 3.26 0.36 3.98 1.22 2.65 0.31 3.27 1.00

X1:Y2-Y3 3.57 3.60 0.38 4.37 1.22 2.95 0.33 3.61 1.01

Central X3:Y1-Y2 3.29 3.27 0.35 3.97 1.21 2.67 0.29 3.26 0.99

) X3:Y2-Y3 3.60 3.60 0.39 437 1.21 2.93 0.32 3.58 0.99

Edge Y1: X1-X2 2.75 2.71 0.30 3.30 1.20 2.19 0.25 2.69 0.98

Y1: X2 - X3 2.76 2.73 0.31 3.35 1.21 2.21 0.26 2.74 0.99

Central Y2: X1-X2 2.73 2.71 0.29 3.30 1.21 2.19 0.25 2.69 0.99

Y2: X2 - X3 2.74 2.75 0.30 3.34 1.22 2.22 0.25 2.73 1.00




Table 15. Comparison of ductility demands (DD) for the first-story columns of model M4S6,

under the ground motion 2 (1985 México earthquake).

Condition b Condition ¢
Column Column DDg,y, condition a
type location (reference model) | Mean u | Std. dev. 6 | u + 20 | (4 + 20)/DDgyl Meanp | Std. dev.o | u+ 20 | (14 + 20)/DDgy
Corner X1-Y1 1.85 1.84 0.20 2.23 121 1.40 0.18 1.75 0.95
X4 -Y4 1.82 1.86 0.21 2.28 1.25 1.42 0.18 1.78 0.98
Borde X1-Y2 1.84 1.84 0.20 2.23 1.21 1.42 0.17 1.75 0.95
X2-Y1 2.02 2.02 0.22 2.46 1.21 1.53 0.19 1.91 0.94
Central X2-Y2 1.96 1.96 0.20 2.36 1.20 1.54 0.19 1.91 0.97
X3-Y3 1.94 1.95 0.20 2.35 121 1.55 0.19 1.93 1.00




7. Conclusions

The aim of this work is twofold: 1) to evaluate a simplified accidental-torsion design procedure and
2) to assess the increments of ductility demands caused by accidental torsion in beams and columns
of building models. The design procedure does not use an accidental eccentricity. It is based on a
simple amplification of the element forces due to the seismic action in the corresponding torsionally
balanced model to obtain the design values considering accidental torsion. This is equivalent to an
artificial amplification of the acting seismic forces. The evaluation was carried out using four
reinforced concrete frame building models and five firm-soil bidirectional ground motions. The
evaluation of the design procedure was supported on the dynamic nonlinear response of the models.
The accidental torsion was simulated using the Monte Carlo method. The variables that were
assumed random were: dead-load magnitude, live-load position and magnitude, and the flexural
stiffness of beams and columns.

The conclusions of this work are as follows:
Condition a) — Models without accidental torsion

1) In reference models (four- and seven-story models without accidental torsion) subjected to firm-
soil ground motions, ductility demands of columns resulted smaller than those of beams (column
values resulted approximately equal to 0.7 times the beam values). For a response modification
coefficient R = 2.0 and an overstrength factor Q, = 1, average ductility demands of beams varied
between 1.74 and 3.23. For columns, the average demands varied between 1.13 and 2.15.

2) Average ductility demands (taken with respect to the ground motions) for columns of
rectangular-plan models (Tables 6 and 7) resulted between 20% and 30% smaller than for
columns of square-plan models.

3) The variation of ductility demands among ground motions resulted larger for columns than for
beams. The coefficients of variation for beams ranged between 0.20 and 0.35, approximately;
however, for columns the coefficients of variations reached values up to 0.80.

Condition b) — Models with accidental torsion

4) The mean value of ductility demands of beams and columns for models with accidental torsion
stays close to the mean ductility demand of the corresponding elements of models without
accidental torsion. However, peak ductility demands of beams and columns caused by accidental
torsion can result from 50% to 75% larger than those of the corresponding elements for building
models without accidental torsion (computed for the same earthquake).

5) There is a probability equal to 2.5% that accidental torsion can cause ductility demands 25%
larger than the demands of systems without accidental torsion.

Condition c) — Strengthened models with accidental torsion

6) The accidental-torsion design procedure evaluated in this work (Eg. 2) reduces both the mean
and the maximum values of ductility demands of beams and columns in systems with accidental
torsion. This reduction of ductility demands is close to the 20% of the demands for the elements
of systems wherein the design procedure is not applied.



7) Results indicate that the application of the design procedure evaluated in this work leads
approximately to a 2.5% probability that ductility demands would result larger than those of the
reference model (without accidental torsion). This suggests that the design procedure seems
effective to control the ductility demands caused by accidental torsion.

Glossary
Symbols Description
A Spectral ordinate of the elastic design spectrum
B Acceleration spectral ordinate of the largest horizontal ground motion components
b Plan dimension perpendicular to the direction of analysis
cov Coefficient of variation
DDpy Ductility demands of the reference model under condition a
DD, The ductility demand associated to the mean (u) plus two standard deviations (20)
E Concrete modulus of elasticity
Ejr Elements amplified by accidental torsion (Eq. 2)
Elpeam Beam flexural stiffness
El.o Column flexural stiffness
Erm Any effect in the reference model caused by the seismic design action (Eqg. 2)
€a Design eccentricity
€s Natural eccentricity
€a Accidental eccentricity
FA,T Amplification factor by accidental torsion equal to 1.2 (Eq. 2)
fe Concrete compressive strength
fy Yield stress value for the steel reinforcement
m Sample size (m = 20,000)
Mar Models with amplified strength
Max Maximum ductility demand
N Number of simulations (N = 10,000)
n Function of the group size
p Exceedance probability
pdf Probability density function
R Response modification coefficient
RM
Reference model
T8 Torsionally balanced
Wpr, .
Wy, Dead-load magnitude
XL, Vit Live-load magnitude
8 Live-load position
o Coefficient of accidental eccentricity proposed by design codes
I Standard deviation
¢ Mean
2, Damping ratio

Overstrength factor




References
[1] IBC. International Building Code. International Code Council, Inc., 2018.

[2] ASCE/SEI 7. Minimum design loads and associated criterial for building and others structures.
American Society of Civil Engineers, 2016.

[3] EC. Eurocode 8. Design of structures for earthquake resistance. European Committee for
Standardization, 2004,

[4] RC-Reglamento de Construcciones de la Ciudad de México. Gaceta Oficial de la Ciudad de
México, 2017.

[5] De la Llera J., Chopra A. Evaluation of code-accidental torsion provisions using earthquake records
from three nominally symmetric-plan building. Earthquake Engineering and Structural Dynamics,
1-162, 1992.

[6] De la Colina J. y Almeida C. Probabilistic Study on Accidental Torsion of Low-Rise Buildings.
Earthquake spectral, 20: 25-45, 2003.

[7] Dimova S., Alashki 1. Seismic Desing of Symmetric Structures for Accidental Torsion. Bulletin of
Earthquake Engineering, 1: 303-320, 2003.

[8] Mendoza R. Evaluacion de métodos para estimar la excentricidad accidental de estructuras a partir
de pruebas dindmicas. Tesis de Maestria. UNAM, 2007.

[9] Anagnostopoulos A., Kyrkos T., Papalymper A., Plevr E. Should accidental eccentricity be
eliminated from Eurocode 8?. Earthquakes and Structures, 8: 463-484, 2015.

[10] DeBock J., Liel B., Haselton B., Hooper D., Henige Jr R. Importance of Seismic Design
Accidental Torsion Requirements for Building Collapse Capacity. Earthquake Engineering &
Structural Dynamics, 6: 831-850, 2013.

[11] Galvez G. Procedimiento para tomar en cuenta los efectos de la excentricidad accidental en el
disefo sismico de edificios. Tesis de Maestria. UAEM, 2017.

[12] De la Llera J., Chopra A. Accidental torsion in buildings due to base rotational excitation.
Earthquake Engineering & Structural Dynamics, 23: 1-15, 1994.

[13] Metropolis N., Ulam S. The Monte Carlo method. Journal of the American Statistical Association,
43:1-8, 1949.

[14] Ramsay R., Mirza S., MacGregor J. Monte Carlo study for short time deflections of reinforced
concrete beams. ACI Journal, 76: 897-918, 1979.

[15] Galambos T., MacGregor J. Building Code Requirements for Minimum Design Loads in
Buildings and Other Structures. U.S. Department of Commerce/ National Bureau of Standards,
577, 1980.

[16] Santos M., Ruiz S., Bojérquez J. Metodologia para establecer valores de disefio de la carga viva
instantanea. Sociedad Mexicana de Ingenieria Estructural, 1-18, 2014.

[17] De la Colina J., Ruiz S., Benitez B. Accidental eccentricity of story shear for low-rise office
buildings. Journal of Structural Division, 137: 513- 520, 2011.



[18] Garcia V. Andlisis de las probabilidades de excedencia de las respuestas de modelos estructurales
con torsidn sujetos a sismos usando simulacion Monte Carlo. Tesis de Maestria, UAEM, 2015.

[19] Li K-N. Canny-E User’s Manual, Three-dimension nonlinear dynamic structural analysis
computer program package. Canny Consultants Pte. Ldt., 1996.

[20] Lai S., Will G., Otani S. Model for inelastic biaxial bending of concrete members. Journal of the
Structures Division, 110: 11, 1984.

[21] Clough R., Johnston S. Proc. of the Japan Earthquake Engineering Conference, 1966.

[22] Otani S. Hysteresis models of reinforced concrete for earthquake response analysis. Journal of the
Faculty of Engineering, 36: 125-159, 1981.

[23] Li K-N., Otani S., Aoyama H. Reinforced concrete columns under varying axial load and bi-
directional horizontal load reversals. Pacific Conference on Earthquake Engineering, 1987.

[24] FEMA-273. NEHRP guidelines for the seismic rehabilitation of buildings. Building seismic safety
council, 1997.

[25] Montgomery D., Runger G., Hubele N. Engineering statistics, 4th ed. Wiley, 2010.



PARTE IV

COMPROBANTE DE ENVIO



% Revista Internacional de Métodos
SCIPEDI

A Numeéricos para Calculo y Disefo

en Ingenieria

Evaluation of an accidental-torsion design proposal considering

firm-soil ground motions

Juan Manuel Zarza Gonzalez', Jaime De-la-Colina®, Jesus Valdés Gonzalez>

1 Universidad Autdnoma del Estado de México

2 Facultad de Ingenieria, Universidad Autdnoma del Estado de México

Abstract

Using non-linear analyses and Monte Carlo simulations, a simplified accidental-torsion
design procedure is evaluated. The design procedure does not use an accidental eccentricity
like the building codes do. For the evaluation, four reinforced concrete frame building
models of four and seven stories are dynamically studied in the nonlinear range. The
models are subjected to a set of five firm-soil, bidirectional seismic records. The design
procedure is evaluated by comparing the ductility demands of both beams and columns for
three conditions of each building model: a) the torsionally balanced model without
accidental torsion (model TB), which establishes the reference values of ductility demands; b
) the same nominal model but incorporating accidental torsion via the Monte Carlo method;
and ¢} a model with amplified strength (model AS) according to the accidental-torsion
design procedure to be evaluated. Results indicate that there is a probability smaller than
2.5% that accidental torsion can cause ductility demands approximately 20% to 25% larger
than those of similar building models without accidental torsion. A comparison of ductility

demands for the reference models without accidental torsion and those of models with
accidental torsion and designed with the procedure that is evaluated, reveals that the
design procedure is effective to control the effects of accidental torsion.
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